Plant density affected yield, quality and water use efficiency. Little information describing plant density to optimize yield and quality of potato production is available in the Jordan Valley. This study was aimed to investigate the effects of plant density on the yield and yield components of the potato (Solanum tuberosum L.) cultivar "Spunta" grown in the middle of the Jordan Valley. Five different densities of plants (41,600 plants ha -1 (D1), 56,000 plants ha -1 (D2), 83,200 plants ha -1 (D3), 28,000 plants ha -1 (D4), and 41,600 plants ha -1 (D5) were randomly distributed over five replicate sites during the growing season from November 2013 to March 2014. Plant height, number of branches, fresh and dry weight of potato plants, tuber number, tuber weight, total yield, specific gravity and water use efficiency of potato plant grown under different plant density were measured. It was found that the productivity of potato increased with increasing plant density, with the highest total, marketable, and non-marketable yields being obtained at densities of 83,200 seeds ha -1 , and the lowest occurring at 41,600 seeds ha , whereas the lowest water use efficiency (7.5 kg m -3
Introduction
Potato (Solanum tuberosum L.) is one of the most important food crops in the world (Jr et al., 2013) after wheat (Triticum aestivum), rice (Oryza sativa), and corn (Zea mays) (Calabrese, 2011) . The high carbohydrate and low fat contents of potato make it an excellent energy source for human consumption. In Jordan, approximately 216,483 tons of potato is produced over a total area of approximately 5885 ha. Potato is grown in two major regions in Jordan: the highland area and the Jordan Valley. In the highland area, approximately 4397 ha were planted in potato in 2011, with a total production of 170,230 tons and an average yield of approximately 38.7 tons ha -1 . By contrast, in the Jordan Valley, approximately 1488.4 ha were planted in potato in 2011, with a total production of 46,253 tons and an average yield of 31.1 tons ha -1 . The total area planted in potato in Jordan increased from 3500 ha in 2002 to 5885 ha in 2011, with an associated production increase from 105,300 tons to 216,483 tons.
The growth, development and yield of potato are governed by a number of factors, including the availability of nutrients (Haddad et al., 2016) , cultivar, plant density, and environmental conditions (Arsenault et al., 2001) . Onunka et al. (2011) noticed that crops output can be strongminded by cultivar and plant population. Plant density which can be a result of plant arrangement affects competition for growth incomes. Two components can be utilized to identify plant density. The first one is the number of plants generally referred to as plant density and the second is referred as the number of stem per plants (Shayanowako et al., 2014) . Plant density is the most important factors affecting potato production because it affects plant growth, yield, and the quality of the crop (Bussan et al., 2007) through its effects on the weight and number of tubers (Getachew et al., 2013) . Increasing plant density may cause in growth and yield decrease per plant by producing a greater number of tubers (Khajehpour, 2006) and a lower mean tuber size due to increased inter-plant competition for water, light, and nutrients. However, a higher plant density might pay off for plant density-induced decreased growth and yield. The increasing number of tubers compensates for the associated decrease in tuber weight (Arab et al., 2011) , resulting in a yield increase in potato at higher densities (Bussan et al., 2007) .
Since plant density affects plant development, yield, and quality, as well as seed costs (Bussan et al., 2007) , it is essential to determine the crop density that optimizes yields. Less is identified about the mechanisms through which tuber yield are affected by planting density. Therefore, the main objective of this study was to determine the effect of plant density on the vegetative growth, yield, quality, and water use efficiency (WUE) of field-grown potatoes.
Materials and Methods
The experiments were conducted in the middle Jordan Valley during autumn 2012 till spring 2014. Tubers of the potato cultivar "Spunta" were planted at five different densities with five replicates per treatment: D1 (41,600 plants ha ). The differences between these densities resulted from differences in the inter-row spaces and number of plants per dripper in the drip irrigation system. Thus, rows were spaced at 0.6 m for D1 and D3 with one and two plants per dripper, respectively; at 0.9 m for D2 and D4 with two plants and one plant per dripper, respectively; and at 1.2 m for D5 with two plants per dripper.
Potato tubers (average weight = 109.3 g) were planted on November 26, 2013 in 30 m 2 plots (5 × 6 m) at a depth of 0.1 m from the soil surface. The potatoes were planted in a raised soil bed with no added plastic mulch so that they would benefit from rainfall. In addition, the soil was mounted around the plant stems 45 days after planting and on two other occasions at intervals of 2-3 weeks to increase productivity and improve the quality of the potato tubers by protecting them from exposure to the sun and from forming toxic materials (blue color).
Productivity was measured by harvesting the middle row from each plot. After harvesting, the tubers from each treatment were separated into marketable and non-marketable products, which were each classified into three grades according to their weight: grade a, > 120 g; grade b, 81-120 g; and grade c, < 80 g. The dry weight of the vegetative growth of the whole plant was also determined by drying the aerial parts of three plants from each replicate of each treatment at 65 °C for 72 h. The specific gravity of the tubers was also determined for subsamples of acceptable tubers by dividing the tuber weight in air by the tuber weight in water.
Experimental Conditions
Aside from density, all other growing conditions were fixed across treatments. The quantity of fertilizer to be added was determined by taking composite soil samples and analyzing nutrient levels in the surface soil layer (0-30 cm) and subsurface soil layer (30-60 cm) ( Table 1) . The amount of irrigation required per unit planted area was calculated from meteorological data, using the Penman-Monteith equation of the Food and Agriculture Organization (Allen et al., 1998) to determine potential evapotranspiration (ET 0 ). The actual crop water requirement was then obtained by multiplying the crop coefficient (Kc) for potato by ET 0 , using an irrigation efficiency of 85% and a leaching fraction of 0.15 to correct the amount of irrigation. Thus, the total quantity of irrigation water that was applied in addition to the effective rainfall was 300 mm. A water meter was used to control the quantity of irrigated water applied through an inline drip irrigation system (GR) with a space of 0.4 m between emitters and an average emitter discharge of 4 l h -1 . Before planting, organic manure was distributed over the soil surface at a rate of 5 tons ha -1 and incorporated into the soil to improve soil fertility and the physical soil properties (Table 2) . Table 2 . Organic manure analysis of cow incorporated with surface soil layers
2.2 5.3 72 Amara and Mourad (2014) found that mixed manure significantly increased the number of tubers per plant and the percentage of standard tubers compared with a control treatment. It was found that there was already sufficient N and K in the soil to give an expected yield of 50 tons ha -1
. Therefore, only a small amount of P (42 kg ha -1 ) needed to be added, which was supplied through the injection of 70% phosphoric acid (100 l ha -1 ) distributed over four irrigation periods spanning 4 weeks from 50 days after planting. Soil moisture samples (0-30 cm, 30-60 cm, and 60-90 cm) were taken from each experimental plot on the day of planting and at harvest to determine the change in soil moisture content. The average quality of the irrigation water that was used to irrigate the plants is shown in Table 3 . The salinity of the irrigation water was lower than the threshold concentration (2.5 dS m -1 ) that can be tolerated by cultivar "Spunta" (Katerji et al., 2000) . The average monthly maximum, minimum, and average temperatures, relative humidity, and wind speed over 10 years from 2003 to 2013 and during the growing period in the current experiment from November to March 2014 are shown in Table 4 . The total rainfall during the growing season was 250 mm, of which only 175 mm was considered effective (75%). The WUE for each treatment was calculated as the tuber yield divided by the seasonal evapotranspiration level (ETa), i.e., WUE = Yield (kg)/ETa (m 3 ).
Statistical Analysis
The differences between treatments were determined by analysis of variance (ANOVA) using the Generalized Linear Model (GLM) procedure (Institute, 2006 ). The treatment means were then compared using Fisher's Least Significant Difference (LSD) test at the 5% significance level.
Results
The effect of plant density on the water use efficiency, growth and yield parameters of potato from the two experiments in the year 2012-2013 and 2013-2014 were similar hence the data were pooled together and analyzed.
Vegetative Growth
The effect of plant density on the height of potato plants is shown in Figure 1a . It was found that plant height significantly differed between treatments, being 13% higher at a high plant density (D3, 83,200 plants ha -1 ) than at a low plant density (D1, 41,600 plants ha -1 ) when plants were grown at the same inter-row distances; and a similar trend was observed between D2 and D4, which also represented different densities grown at the same inter-row distances. Furthermore, plant height was greater with wider inter-row spacings (D5, 1.2 m) than with narrower inter-row spacings (D1, 0.6 m) when the density was the same.
In contrast to plant height, the number of branches per plant decreased as the plant density increased (Figure 1b) , with plants grown at 28,000 plants ha -1 (D4) having significantly more branches than those grown at 41,600 plants ha -1 (D1). By contrast, there was no difference in the number of branches per plant for treatments with similar plant densities but different inter-row spacing's (D5 and D1).
In terms of above-ground fresh and dry weights, the highest weights (133.2 g and 26.5 g, respectively) were recorded for plants at a low plant density, whereas the lowest weights (116.97 g and 21.14 g, respectively) were obtained at a high plant density (50 × 20 cm) (Figure 1c & d) . This may have been due to plants at a low density having lower levels of competition for growth requirements than those at a high density.
Yield and Yield Components
The major yield components for potato are tuber number and weight. Plant density had a significant effect on yield and the entire yield components measured. Potato tubers were graded into three classes on the basis of weight (grades a-c), each of which was classified into marketable and non-marketable products. The total number of tubers, weight of tubers, and total yield per ha were then calculated for each category.
There was a significant increase in the total number of tubers with increasing plant density (Figures 1a-1d The highest total number of tubers (596,000) was obtained at a plant density of 83,200 plants ha -1 (D3) and this was 13% higher than that at 41,600 plants ha -1 (D1), which had the same inter-row spacing. Investigation of the different grades showed that plants that were grown at a higher density (D3) produced 100% and 200% more grade b and c tubers, respectively, whereas there was no significant increase in the number of grade a tubers. A similar trend was observed for the number of marketable and non-marketable tubers, with significantly more tubers from each category being produced at the highest plant density (D3). By contrast, there was no significant Vol. 10, No. 12; 2018 difference in the total number of tubers per plant in either the marketable of non-marketable category between plants that were grown at different inter-row spacings (0.6 m [D1] vs. 1.2 m [D5]). This difference in the total number of tubers produced at different densities supports the results obtained by Khajehpour (2006) .
Although there was no significant improvement in the number of larger (grade a) potatoes (both marketable and non-marketable) produced, the number of smaller and medium-sized potatoes (grades b and c) significantly increased, highlighting a qualitative deterioration in tuber yield with increasing plant density. Indeed, at the highest plant density (D3) there was a significantly higher yield of b and c grade tubers for marketable (96,000 and 136,000 ha -1
, respectively) and non-marketable (14,000 and 221,333 ha -1
, respectively) tubers than at lower plant densities (Figures 2g-2l) . The highest average tuber weight (115.84 g) was recorded for plants that were grown at the lowest plant density (28,000 plants ha -1 with one plant per dripper; D4), followed by 41,600 plants ha -1 and one plant per dripper (D1), while the lowest average tuber weight (77.02 g) was obtained at the maximum plant density (83,200 plants ha -1 with two plants per dripper; D3). In addition, the three treatments with two plants per dripper (D2, D3, and D5) had significantly lower tuber weights (23.24%, 33.51%, and 27.33%, respectively) compared with the lowest plant density with one plant per dripper (D4) (Figure 3a) . Similar trends were observed for the weight of marketable tubers and grade a tubers from this class (Figures 3b-3c ). By contrast, there was no significant difference in the tuber weight of grade b and c marketable potatoes and all grades of non-marketable potatoes between different plant densities, with the lowest plant density and the highest plant density producing the highest and lowest values for tuber weight, respectively (Figures 3d-3i) . The highest percentage of tuber weight for grade a (69.1%) was obtained with the lowest plant density (D4), which also gave a higher average fruit weight (199.7 g) ( Table 5) . By contrast, the lowest percentage of tuber weight (49.5%) was obtained with the highest plant density (D3), which also gave the lowest average fruit weight (173.7 g). The opposite result was obtained for grade c, for which D3 and D5 gave the highest percentage of tuber weight values (26.9% and 25.5%, respectively) but the lowest average fruit weights (33.9 g and 36.1 g, respectively), which was attributed to the higher plant density and lower inter-row spacing.
The yield of mature tubers at the whole plot level significantly differed between the five plant densities, with significantly higher values being observed at a low plant density (D4: 45.1 tons ha -1 ) than at a high plant density (D1: 15.441 tons ha -1 ) in treatments with the same inter-row spacing (Figure 4a ). With respect to potato size categories, the yield of grade b and c tubers was significantly higher at a higher plant density (Figures 4b-4d ). Plant density also had a significant effect on the non-marketable yield and a similar but insignificant effect on the marketable yield (Figures 4e-4f) , with the highest yields for both (marketable, 35.84 tons ha -1 ; non-marketable, 9.26 tons ha -1 ) being obtained in the plots with the highest plant density. Plant density also affected the marketable yield of grade c tubers, with the highest plant density having a 157% higher yield than the lowest density, and the non-marketable yield of grade b and c tubers, which were 319% and 189% higher, respectively, in plants grown at a high density compared with those grown at a low density with the same inter-row spacing (Figure 4g-l) . (Figure 4m ). By contrast, the highest percentage of marketable yield (88.9%) was obtained with the D1 treatment (grade a, 57.7%; grade b, 19.82%; and grade c, 11.29%), whereas the lowest (79.5%) was obtained with the D3 treatment (grade a, 42.7%; grade b, 20.4%; and grade c, 16.3%) (Figure 4 ). It was found that the percentage of non-marketable yield was higher for grade c than for grades b and a (Table 6) , with the overall highest percentage of non-marketable yield (38.1%) being obtained for grade c with the D3 treatment, which had the highest plant density and thus the greatest amount of competition between tubers, which yielded large quantities of small potato tubers. By contrast, the lowest percentage of non-marketable yield (5.7%) was obtained for grade a with treatment D1 due to the lower plant density and thus lower levels of competition among tubers, as well as the increased ease of moving between the rows and mounting soil above the tubers that were produced. 
Tuber
Several qu specific gr The speci differences
Water
Plant dens ( Vol. 10, No. 12; 2018 Figure 6. Water use efficiency (marketable, non-marketable, grade a&b&c) of potato plants grown under different plant density
Discussion
The regulation of plant density is one of the most important aspects of potato production management because it affects the cost, growth, yield, and quality of the crop (Bussan et al., 2007) . The effect of plant density on the morphological characteristics of potato plants essentially results from competition for resources, including light, water, and nutrients. The finding that plant height increased at higher plant densities may be caused by higher competition for sunlight among plants that are grown closer together. A reduction in the amount of light that reaches plants causes the accumulation of auxin, which is a major growth hormone that stimulates cell division and enlargement, and thus increases the height of plants; whereas the higher levels of light that reach plants at lower densities destroy auxin, causing them to be shorter (M. Ghobadi & M. Ghobadi, 2010) . It was also found that plant height increased with wider inter-row spacing's in plants that were grown at the same density. This may be due to these plants having more opportunity to obtain sufficient nutrients and moisture due to less resource competition, which may have favored greater levels of vegetative growth compared with plants that were grown with narrower inter-row spacings. This is consistent with the findings of Akassa et al. (2014) who showed that plants grown at the widest spacing were significantly taller than those grown at the closest spacing.
Fresh and dry mass production were higher in plants that were grown at a low plant density than in those that were grown at a high plant density, possibly due to the former experiencing lower levels of competition for growth requirements. This finding is consistent with that of Getachew et al. (2013) , who reported that the above-ground biomass was higher at a low plant density.
The number of branches was significantly reduced with increasing plant density, which supports the previous findings of Ozer (2003) and Jr et al. (2013) . Furthermore, the tuber number and yield per plant significantly increased with an increasing number of main stems. Similarly, Lemaga and Caesar (1990) previously showed that the number of main stems was positively correlated with the number of tubers and tuber yield, and negatively correlated with the average tuber weight, and Lemaga and Caesar (1990) and Abrha et al. (2014) showed that the number of tubers was a better determinant of yield than the average tuber weight. This larger number of tubers with increasing plant density may simply be caused by the greater number of plants per hectare Vol. 10, No. 12; 2018 and is in agreement with the findings of Abrha et al. (2014) , who showed that the maximum total number of tubers per hectare occurred at closer plant spacings whereas the lowest number of tubers per hectare occurred at wider plant spacing's.
Approximately 100% and 202% more medium and small tubers, respectively, were obtained at the highest plant density than at the lowest plant density. This may be due to the strong competition between plants for nutrients and growth factors at a high density leading to the production of larger numbers of smaller tubers. This result supports the finding of Getachew et al. (2013) , who reported that the highest number of small tubers was obtained at closer plant spacing's whereas the lowest number was obtained at wider plant spacing's.
The weight of tubers tended to be higher in plants that were grown at a low density. This may be due to there being a limited number of sinks available per unit area, resulting in plants at a low density experiencing less competition than those at a high density, allowing them to direct more resources to each separate tuber to produce a higher tuber weight (Zabihi-Mahmoodabad et al., 2010) . It has previously been shown that there is a significant positive correlation between average tuber weight and yield in potato (Khayatnezhad et al., 2011) . Furthermore, Arab et al. (2011) showed that the weight and size of tubers decreases with increasing plant density.
Thus, it appears that the increase in tuber number with increasing plant density compensates for the associated decrease in tuber weight, and so was mainly responsible for the effect of plant density on total yield throughout the growing season and the associated increase in productivity per unit area planted. This was in agreement with the findings of Mangani et al. (2015) , who emphasized the significance of plant density for increasing the number of potato tubers.
A reduction in specific gravity could be expected at high densities because the intense competition among plants would cause lower amounts of nutrients to be partitioned to each individual plant. However, the specific gravity of tubers was not affected by plant density. This finding is possibly due to this trait being controlled by genetic rather than environmental factors. Similarly, Akassa et al. (2014) and Darvishi et al. (2015) also found that the specific gravity of tubers was not affected by plant density. Good-quality potatoes should have a specific gravity of > 1.08 g m -3 , with values of < 1.07 g m -3 generally being considered unacceptable for processing (Kabira & Lemaga, 2006) . In the present study, plants that were grown at a density of one tuber per dripper (D1 and D4) produced tubers with a specific gravity > 1.07 g m -3 despite the difference in plant density, whereas the lowest specific gravities were obtained from plants that were grown at higher densities with two plants per dripper (D2 and D3).
Conclusion
This study showed that the height, number of branches, and yield of potato cultivar "Spunta" increased with increasing plant density up to 83,200 plants ha -1 . The increase in yield was mainly attributable to the higher number of tubers at the plot level, which was able to compensate for the decrease in tuber weight of individual plants. The highest WUE for marketable yield (11.9 kg m -3 ) was obtained at the highest plant density, whereas the lowest WUE (7.5 kg m -3 ) was obtained at 41,600 plants ha -1 . However, the lowest percentage of marketable yield (79.5%) was obtained at the highest plant density.
